Abstract The experiment was carried out in a cylindrical dielectric barrier discharge (DBD) reactor assisted with a catalyst to decompose toluene under different humidity. In order to explore the synergistic effect on removing toluene in the catalysis-DBD reactor, this paper investigated the decomposition efficiency and the energy consumption in the catalysis-DBD and the non-catalyst DBD reactors under different humidity. The results showed that the catalysis-DBD reactor had a better performance than the non-catalysis one at the humidity ratio of 0.4%, and the removal efficiency of toluene could reach 88.6% in the catalysis-DBD reactor, while it was only 59.9% in the non-catalytic reactor. However, there was no significant difference in the removal efficiency of toluene between the two reactors when the humidities were 1.2% and 2.4%. Additionally, the degradation products were also analyzed in order to gain a better understanding of the mechanism of decomposing toluene in a catalysis-DBD reactor.
Introduction
Volatile organic compounds (VOCs), as important precursors of PM 2.5 , photo-chemical smog and ozone [1] , have caused negative effects on the environment and human health [2−4] . Nowadays, non-thermal plasma (NTP) has been one of the most promising methods to decompose VOCs for its excellent removal efficiency and low energy consumption [5−7] . Dielectric barrier discharged (DBD), as an efficient method to produce NTP, has received extensive attention in recent years [8, 9] . However, there are still some disadvantages of using the NTP technology for the VOCs treatment, such as low selectivity to total oxidation, the toxic by-products and low energy yield [10−13] . In order to improve the efficiency of VOCs decomposition and reduce the power consumption, researchers have paid a great deal of attention to the different kinds of combined technology [14, 15] . The catalysis technique was often combined with the NTP technique and the catalysis-DBD system has become one of the most popular combination systems [16] . Song [17] suggested that the treatment efficiency of VOCs was improved by the catalysis around the electric field, since the gas resident time could be extended for the absorption of pollution molecules by the electron holes on the catalyst. Karuppiah J [18] also proved that the electron holes on the catalyst could be transformed into active substances, such as the hydroxyl radial, to oxidize the VOCs. TiO 2 , as a typical metallic catalyst, has been widely used in the catalyst field for its excellent physicochemical properties. Its variable electronic structures and multivalent oxidations (Ti, Ti 2+ , Ti 4+ ) could also be beneficial to the degradation of VOCs [19] . Humidity has been discussed frequently for its effect on the VOCs degradation in catalysis reactors [20−22] . However, up to now, there has been little understanding of the effect of humidity in a catalysis-DBD combination system.
To address this lack of information, the catalyst, TiO 2 , was added on the wall of the discharge tube in the catalysis-DBD reactor and toluene was selected as * supported by the Key Project which is sponsored by the Science and the representative of VOCs due to its wide application and large emission [23] . This paper mainly investigated toluene's degradation efficiency under different humidity in the coaxial-tube reactors of catalysis-DBD and non-catalytic DBD. The differences of energy consumption in the two reactors were also discussed. Moreover, the degradation products were identified by GC-MS and the mechanism of toluene oxidation in the catalysis-DBD system had been explored.
Experiment

Experimental setup
The experimental diagram is shown in Fig. 1 , which consists of four parts: the gaseous generation system, humidity controller, DBD reactor and by-product analysis system. The initial concentration of toluene was controlled between 173 -346 mg·m −3 by a Mass Flow Controller (MFC). Driven by a centrifugal fan, N 2 went through the toluene solvent and took toluene into a mixing tank where the samples were diluted by clean air and humidified by the additional water vapor. The final by-products of toluene were identified by GC-MS (Agilent 5975C) and the humidity was measured by TESTO 435. The cross velocity was controlled at 1. 
DBD reactor
The discharge area of the DBD reactor consisted of three layer quartz tubes: the inner tube was 250 mm in length and 35 mm in inner diameter (ID) with one mouth closed; the middle tube was 250 mm in length and 55 mm in ID; and the outer tube was 250 mm in length and 75 mm in ID with one endpoint sintered to link with the middle tube mouth. Another quartz tube with the length of 250 mm and ID of 85 mm was placed below the discharge area as the cold trap area. All the tubes had the same thickness of 2 mm with a coaxial configuration. The inner electrode, made of a stainless steel sheet with width of 0.5 mm, was inserted in the inner quartz tube and tightly wrapped around the inner side. The outer electrode was filled with iron power in the closed space between the middle quartz tube and the outer quartz tube. TiO 2 catalyst was smeared on the inner wall of the middle tube. The structure of the DBD reactor is shown in Fig. 2 . Fig.2 The non-catalyst reactor
Catalytic membrane
The soaked-sintering method was selected to make the TiO 2 catalytic membrane. The polymeric precursor solution included tetrabutyl titanate, N-NButyldiethanolamine, ethanol and ammonia water. The details were as follows:
a. prepared a clear quartz tube and soaked it in KMnO 4 (aq) for one hour.
b. washed the tube and dried it in an electrothermostatic blast oven.
c. treated the tube by HF(aq) and sealed it. d. soaked the tube in the polymeric precursor solution and calmed down.
e. pulled up the tube at the rate of 20 cm·s −1 and dried it.
f. put the tube into the muffle with 5
• C·min −1 up until 500
• C and kept it for 3 h. g. repeated the E, F steps for three times. Fig. 3 presented the structure of the reactor of the catalysis-DBD with the catalytic membrane. 
Parameters and calculation
Toluene's degradation rate (η) is shown as follows:
E is energy consumption (kw·h); U is input voltage (V); I is current (A); t is time (s).
ϕ is energy consumption (kWh·kg −1 ); m is the quantity of toluene (kg).
Q is rate of flow (m 3 ·h −1 ); ∆c is concentration difference from before and after the reaction (mg·m −3 ).
v is tube gas velocity (m·s
3 Result and discussion
Catalyst characterization
A 1 cm×1 cm quartz catalytic glass was selected to observe its SEM spectrum. The result is shown in Fig. 4 . Picture (b) is the amplification of picture (a) and picture (c) is the amplification of picture (b). It is shown in picture (a) that there were a few white spots of the TiO 2 on the quartz glass surface. In pictures (b) and (c), it was confirmed that the membrane was uniform in general and two-tier membranes could be observed clearly in picture (c).
The 1 cm×1 cm quartz catalytic glass was also selected to observe its roman spectrum. The results (shown in Fig. 5 ) reflected that the catalyst membrane was mainly composed of anatase, a kind of TiO 2 , which has a wide stop band and a high photo-catalysis effect [24] . Fig.4 The SEM of catalyst membrane Fig.5 The Raman spectrum of catalyst membrane
The effect of humidity
In order to explore the influence of water vapor on the toluene abatement efficiency in the catalysis-DBD reactor, the humidity ratios of 0.4%, 1.2% and 2.4% (corresponding RH: 22%, 65% and 99%) were selected to represent the low, middle and high humidities, respectively.
3.2.1
The degradation rate and energy consumption at 0.4% humidity The degradation rate and energy consumption of toluene were increasing with the growing applied voltage. The highest degradation rate of the catalysis-DBD tube reached 88.6% with the consumption of 187.36 kWh·kg −1 toluene. When the applied voltage varied from 7.2 kV to 14.4 kV, the degradation rate of toluene in the catalysis-DBD system increased from 41.2% to 88.6%, which were all higher than that in the non-catalyst system. It was obvious that the catalyst improved the degradation of toluene significantly. The mechanism of the acceleration of the catalyst was summarized in two parts as follows.
The catalyst could adsorb the toluene, and in other words, the catalyst extended the resident time of toluene, improving the crash possibility of toluene with active groups, which led to the increasing degradation rate. In addition, the desorption of toluene on the catalyst surface was also realized through the reaction bombarded by the energetic particles at the same time. A cycle of adsorbing and desorption was existing, thus there was always room remaining to adsorb toluene [17, 25] . Moreover, when the TiO 2 was excited by the UV irradiation or high-energy electrons produced by the DBD discharge, the electron holes on the catalyst surface could transform H 2 O into ·OH easily to directly oxidize toluene [18, 26] . In a word, the results confirmed that the catalysis-DBD system had the advantages of the better degradation effect and energy efficiency than the non-catalyst one at low humidity.
3.2.2
The degradation rate and energy consumption at 1.2% humidity Fig. 7 showed the degradation rate and energy consumption differences between non-catalyst and catalyst reactor under the condition of 1.2% humidity. The results showed that there was no significant difference between the two reactors on the degradation rate and energy consumption, which demonstrated that the catalyst had no obvious effect on the degradation of toluene at 1.2% humidity.
The results could be illustrated as follows: when the humidity was improved, the H 2 O could be easily adsorbed by the electron holes on the surface of the catalyst, which restrained the adsorption of toluene and caused the deactivation of the catalyst. Fig.7 The degradation rate and energy consumption at 1.2% humidity 3.2.3 The degradation rate and energy consumption at 2.4% humidity Fig. 8 showed the degradation rates and energy consumption of non-catalyst and catalysis-DBD reactor respectively at the humidity of 2.4%. The results indicated that the degradation rate of toluene in catalysis-DBD was much lower than that in the non-catalyst DBD under the applied voltage of 10.5 kV. At the applied voltage of 14.4 kV, the difference reached the maximum of 12%. In other words, the catalysis-DBD had lost the advantage over the non-catalyst reactor and even showed a negative effect on the degradation rate of toluene. The results further showed that the energy consumption cost in the catalysis-DBD was much higher than in the non-catalyst reactor. At the voltage of 14.4 kV, the difference of energy consumption reached the maximum of 96.87 kWh·kg −1 . Fig.8 The degradation rate and energy consumption at 2.4% humidity
Thus it can be seen that the degradation of toluene had been restrained in the catalysis-DBD at the humidity of 2.4%. The main reason was that when the humidity was improved, the water on the catalyst surface could weaken the point discharge and the electrons were hardly generated, which led to the negative effect on the production of ·OH.
Mechanism
The gas by-products at a humidity of 0.4% in the non-catalyst and the catalysis-DBD reactor are shown in Figs. 9 and 10 and Table 1 respectively. Fig.9 The GC-MS spectrogram of the catalysis-DBD reactor Fig.10 The GC-MS spectrogram of the non-catalyst reactor As shown in Fig. 9 and Fig. 10 , there is no significant difference between the non-catalyst system and the catalysis-DBD reactor. Table 1 shows that the by-products consisted of four parts: alkanes, aldehydes, alcohols and BTEX. The alkanes originated from the oxidation of the benzene ring. The aldehydes were mainly caused by the oxidation of methyl on toluene and the alcohols were caused by reducing the methyl on toluene. BTEX were generated by the combination of toluene molecules. In conclusion, the electrons might attack the different position on toluene in both of the catalysis-DBD and the non-catalyst reactors, which caused the diversity of products. However, no nitrocompounds were produced, which meant that the oxidation of toluene was mainly initiated by hydroxyl radicals. The same products could be seen at the humidities of 1.2% and 2.4%.
The reaction of catalysis-DBD relied on the active particles. There were four channels to decompose toluene: (1) electrons attacked the toluene directly; (2) free radicals polymerized on the wall of the reactor; (3) ·O and ·OH reacted with toluene to generate the intermediate products; and (4) O 2 reacted with the intermediate products.
The free radicals, such as ·O, ·OH and H·, produced by the crash between high-energy electrons and gas particles, reacted as follows [27] :
The electron reactions were determined by the electron energy and the energy of chemical bonds in toluene. The energy of C 6 H 5 CH 2 -H is 3.7 eV and that of C 6 H 5 -CH 3 is 4.4 eV. The bond energy of C-H on the benzene ring is 4.9 eV and the bond energy of C-C is 5.0 -5.3 eV. The energy of electrons in the Catalysis-DBD system was from 1 eV to 5.0 eV [28] , which could provide enough electrons to crash most perssads on toluene and break the chemical bones. General reactions of toluene decomposition by DBD were as follows.
(a) The formation of free radicals was shown as (v) and (vi) (v) (vi) (b) The reactions of the free radicals with other groups Different radicals might react and form various intermediate products. For example, ·O could oxidize the benzyl into the aldehyde (vii) while the ·H could deoxidize the phenyl group into benzene (viii). Two or more phenyl groups could combine into a polymer (ix) and some substitution reactions could generate new products [29−31] .
(c) Ring-opening reaction The electrons might attack the C-C on the free benzene radical to form long alkanes, which could combine with each other to form a longer one (x) or decompose into pieces.
The intermediate products could be oxidized into CO 2 and H 2 O to pull out of the reactor.
In the catalysis-DBD system, the primary reactions of decomposing toluene still existed. The new system extended the resident time of toluene due to the catalyst's adsorbing and the ·OH became the key particle in the catalysis-DBD system.
On the catalyst surface, the active particle, ·OH, oxidized benzyl grouped into CO, CO 2 and H 2 O, and further made toluene desorbed from the catalyst surface. The reactions were shown as (xi) and (xii):
Due to the participation of the active particles on the catalyst surface, the degradation of toluene cost lower energy than the initial state, making the reaction easier, which could explain the higher degradation rate of toluene in the catalysis-DBD system. From formulas (ii) and (iii), the ·OH is mainly generated from H 2 O. So it was obvious that the degradation rate improved at low humidity in the catalysis-DBD system due to the active particles reaction on the catalyst surface. However, when the humidity was increasing, the vapor would seize more space on the catalyst surface, which led to fewer chances of toluene being adsorbed by the catalyst. Moreover, a great deal of H 2 O on the catalyst surface could weaken the point discharge and therefore, the electrons were hardly generated, which led to the negative effect on the degradation of toluene. As a result, the abatement efficiency of toluene became lower at the middle or high humidity although the concentration of ·OH was also improved.
Conclusion
The study discussed the effects of the humidity on the degradation rate and energy consumption in a catalysis-DBD reactor. The result showed the following.
At the humidity of 0.4%, the degradation rate and energy consumption were increasing with the growing of applied voltage. When the applied voltage reached 14.4 kV, the degradation rate reached 88.6% with the energy consumption of 187.36 kWh·kg −1 . There were a higher decomposing efficiency of toluene and a lower energy consumption in the catalysis-DBD reactor compared to the non-catalysis reactor. However, the differences became diminished at the middle humidity (1.2%) and the high humidity (2.4%).
The by-products in the catalysis-DBD system were the same as those in the non-catalyst DBD system. The by-products consisted of four parts: alkanes, aldehydes, alcohols and BTEX. There was no obvious difference on the species of products at different humidity.
